I. INTRODUCTION
Since 1907 when its first laboratory spectra 1, 2 were recorded, MgH has been an important molecule in astrophysics. The A 2 → X 2 + visible bands of MgH appear strongly in the absorption spectra of the sun and of some cool stars, [3] [4] [5] and are used to estimate the magnesium isotope abundances. 6, 7 In the first series of spectroscopic studies on MgH, in the 1920s and 1930s, several electronic transitions involving the X 2 + ground electronic state and the low-lying excited states were observed and analyzed. [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] Balfour and co-workers studied the visible and ultraviolet spectra of MgH and MgD extensively in the 1970s. [18] [19] [20] [21] [22] [23] [24] [25] They produced MgH in a magnesium arc source, and recorded the A 2 → X 2 + and B 2 + → X 2 + emission spectra using a spectrograph. They also reported spectroscopic constants for the ground and excited electronic states, and observed several local perturbations in the A 2 and B 2 + states. The A 2 → X 2 + emission spectrum of MgH was recorded by Bernath et al. at very high resolution using a Fourier transform spectrometer, 26 and only the low-J lines were analyzed in order to predict the microwave and infrared spectra of MgH. The diode-laser-infrared and the microwave spectra of MgH were recorded and analyzed soon after Bernath's work. [27] [28] [29] [30] [31] High resolution Fourier transform infrared emission spectra of MgH and MgD were recorded in 2003, and a combined-isotopologue analysis of all the infrared and microwave data available in the literature was performed using a Dunham-type energy level expression. 32 MgH has also been the subject of several theoretical studies since the 1970s, and its equilibrium internuclear distance, vibrational frequencies, dissociation energies, and dipole moa) Electronic mail: ashayesteh@ut.ac.ir. b) Electronic mail: peter.bernath@york.ac.uk. ments have been computed by various ab initio theoretical methods. [33] [34] [35] [36] [37] Because of the importance of MgH in astrophysics, the line and continuum opacities of MgH in cool stellar atmospheres were calculated by Kirby and coworkers, [38] [39] [40] [41] using ab initio potential energy curves and transition dipole moments. Recently, Mestdagh et al. 42 and Guitou et al. 43 computed the potential energy curves for the ground and several excited states of MgH using high-level ab initio methods with large basis sets.
In a recent paper we reported new high-resolution emission spectra of the A excited states were fitted as individual term values. The v = 11 level was found to be the highest bound vibrational level of the X 2 + ground state, and the zero-point dissociation energy of MgH was determined to be D 0 = 10 365.6 ± 0.5 cm −1 (1.28517 ± 0.00006 eV). 44 Rotational analysis and deperturbation of the observed vibrational levels of the A 2 and B 2 + electronic states is reported here.
II. EXPERIMENT AND RESULTS
The experimental conditions have been described in our previous paper. 44 The MgH radical was generated in a discharge-furnace source, and the emission spectra were recorded using a Bruker IFS 120 HR Fourier transform spectrometer. 44 The B 2 + → X 2 + spectrum (9000 −18 000 cm −1 ) was recorded at 650
• C with an instrumental resolution of 0.0375 cm −1 , and the A 2 → X 2 + spectrum (16 000−23 000 cm −1 ) was recorded at 550
• C with an instrumental resolution of 0.065 cm −1 . Hundreds of scans were coadded, resulting in a signal-to-noise ratio of about 1000 for the strongest emission lines of MgH. The spectra were calibrated to an absolute accuracy of better than 0.005 cm −1 , as described in our previous paper. 44 In addition to the bands analyzed in Ref. 44 , we assigned three more bands for the B 2 + → X 2 + system, i.e, the 4 → 2, 4 → 10, and 4 → 11 bands. An expanded view of the 4 → 10 band is displayed in Fig. 1 . Overall, the data spanned the v = 0 to 11 of the X 
to 4 of the B 2 + state. Compared to Balfour's data obtained in 1970s, the new data have much higher precision and accuracy, and extend to higher rotational quantum numbers (Table I) .
III. DATA ANALYSIS
In our previous work on MgH, 44 44 and the dissociation energy of the X 2 + state was determined accurately. In that article, we also reported term values for v = 0 to 3 of the A Table S3 of the supplementary material 45 as input for our least-squares fitting program.
A. Hamiltonian matrices
The rotational energy levels of the A states. Matrix elements of the effective Hamiltonian for the A 2 state (2 × 2) were derived using the Hund's case (a) basis functions and are listed in Table II . Although we used the Hund's case (a) basis functions, the eigenvalues of the Hamiltonian matrix, i.e., the actual level energies, are independent of the choice of basis functions. For the B 2 + state, the following energy expressions in which x = N(N + 1) were used for the e and f parity sublevels:
The B v values of the A 2 state vibrational levels are significantly larger than those of the B 2 + state levels, and several level crossings occur between these states. An illustration of these level crossings is presented in Fig. 2 , in which the observed term values of the F 1e components 47 of the A 2 and B 2 + states are plotted versus N(N+1). The general selection rules for local perturbations occurring between the A 2 and B 2 + states are: J = 0, + ↔ + or -↔ -(total parity), and e ↔ e or f ↔ f (rotationless parity). The A 2 state resembles Hund's case (b) at high J's, and therefore, perturbations for which N = 0 are expected to be relatively weak. In the absence of local perturbations between the A 2 and B 2 + states, the Hamiltonian matrices described above should reproduce all the observed level energies. In order to take the local perturbations into account, the following off-diagonal matrix elements in which the upper (lower) sign refers to e (f) parity should be added to the Hamiltonian:
(3) The parameters a v ,v and B v ,v in Eqs. (2) and (3) are defined as 
while the purely electronic constants a + and b are the following: 48, 49 
The constants a v ,v and bB v ,v were determined for each pair of interacting vibrational levels (v , v ) (2) and (3)). Instead of the usual "band constants," we used the following Dunham-type expressions for the A v , γ v , p v , and q v constants: −1 ) , relative to the v = 0, N = 0 level of the X 2 + ground state. These constants should be combined with the off-diagonal parameters of Table III to reproduce the term values. 1σ uncertainties are quoted in parentheses. 
B. Least-squares fitting
The observed level energies of the A 2 and B 2 + states (term values of Table S3 in the supplementary material) 45 were fitted using the 15 × 15 Hamiltonian matrix described above, and resulted in the determination of unperturbed Dunham parameters for the A (Table III) . Although the v = 4 level of the A 2 state was not observed in our spectra, it is obvious from the Dunham-type fit that this level is responsible for the low-N perturbations observed in the v = 4 level of the B 2 + state (Fig. 1) , and we were able to determine the a 4,4 and bB 4,4 constants.
The Dunham-type fit has an overall dimensionless standard error (DSE) of 1.15, which means that the 102 parameters listed in Table III Table III . This band constant fit employed a total of 142 parameters, of which 49 were held fixed, and a DSE of 0.97 was obtained. The band constants are listed in Table IV . We also tried an even more flexible fit in which the band constants and the offdiagonal matrix elements a v ,v and bB v ,v were all varied freely (142 parameters, of which 15 were held fixed). Although this fit resulted in a DSE of 0.87, several parameters in the fit were highly correlated and some of them may not be physically significant; the constants of this fit are listed in the supplementary material. 45 Our "recommended" set of constants for the A 2 and B 2 + states of 24 MgH are those listed in Table III, From the band constants of Table IV, the "unperturbed" level energies of the A 2 and B 2 + states were calculated, while all a v ,v and bB v ,v constants were set to zero. These level energies were subtracted from the observed (perturbed) term values listed in Table S3 , and the term value shifts were calculated. For example, for the strong perturbation between the v = 3 and v = 3 levels at N = 16, term value shifts of about ±13.0 cm −1 were found. A complete list of term value shifts is provided in the supplementary material. 45 For each pair of interacting vibrational levels, the N value at which level crossing occurs was found (see Table V ). to obtain moderately accurate term values for the v = 5 to 9 vibrational levels of the B 2 + state. No e/f splitting was observed in the old data, and the term values for v = 5 to 9 have a typical accuracy of about 0.1 cm −1 . These term values were added to our "unperturbed" term values for the v = 0 to 4 levels and a new set of Y l,0 and Y l,1 coefficients, suitable for the entire v = 0 to 9 vibrational range, were generated using Le Roy's DPARFIT program. 51 The RKR potential curve for the B 2 + state was obtained using the more extensive set of Y l,0 and Y l,1 coefficients presented in Table VI . The RKR turning points for all the observed vibrational levels are listed in Table VI , and the potential curves are plotted in Fig. 3 . 2 + states were found to be 12 957.5 ± 0.5 and 10 133.6 ± 0.5 cm −1 , respectively, and the corresponding D e values are 13 749.6 ± 0.5 and 10 545.0 ± 0.5 cm −1 , respectively.
C. Rydberg-Klein-Rees (RKR) potential curves
v v N v | v a v ,v (obs.) [cm −1 ] a + [cm −1 ] B v ,v [cm −1 ] bB v ,
E. Determination of electronic matrix elements (a + and b)
The RKR potential curves (turning points) listed in Tables VII and S8 2 + states were calculated. These matrix elements depend rather strongly on the rotational quantum number N of the 2 + state. For each pair of interacting vibrational levels, the matrix elements at a specific N (at which the levels cross) are listed in Table VII . The signs of the above vibrational integrals depend on the phase choices used for the vibrational wavefunctions. A common convention, used in the program LEVEL, is that the vibrational wavefunctions with even or odd quantum numbers have opposite signs at the inner turning point. However, in the "universal" phase convention recommended by Lefebvre-Brion and Field, 54 all vibrational wavefunctions are positive at the inner turning point. We used the universal phase convention and multiplied all vibrational integrals from LEVEL by the factor (−1) v +v . The wavefunctions for v = 2, v = 3, and v = 3 are plotted in Fig. 4, and the purely electronic matrix elements a + = π | al + |σ and b = π | l + |σ can be calculated from Eqs. (4) and (5) . The numerical values of a + and b were determined for each (v , v ) pair independently (Table VII) , and were averaged to give a + = 19.0 ± 0.3 cm −1 and b = 0.698 ± 0.005. Although it is clear from our deperturbation analysis that a + and b have the same sign, their absolute sign (+/-) cannot be determined from spectroscopic data.
IV. CONCLUSIONS
Term values for the v = 0 to 3 levels of the A 2 state and the v = 0 to 4 levels of the B 2 + state of MgH were fitted together using a 15 × 15 Hamiltonian matrix, and deperturbed molecular constants were determined. A Dunham-type fit was performed and the resulting Y l,0 and Y l,1 coefficients were used to generate RKR potential curves for these states. Off-diagonal matrix elements v | v and B v ,v were computed from the RKR potentials, and the purely electronic a + and b matrix elements were determined. Using the accurate dissociation energy for the X 2 + ground state, 44 i.e., D 0 (X 2 + ) = 10 365.6 ± 0.5 cm 
